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Abstract 
A shortage of rain and water resources exits in semi-arid and arid zones, necessitating the use of marginal water such 
as treated sewage water (TSW) for irrigation. These waters may contain substantial amounts of mixed-sodium-
calcium salts, which, in turn, interact with the soil matrix. The soil solution-soil matrix (SS-SM) interactions, 
particularly in the presence of smectite minerals (e.g., montmorillonite), may change the soil pore-size distribution, 
and, consequently, could affect the soil hydraulic properties. Since the magnitude of the SS-SM interactions depends 
on time-dependent flow-controlled attributes, i.e., water content, pressure head, and solute concentrations, the 
resultant hydraulic properties are also time-dependent. Numerical simulations of flow and transport in a three-
dimensional (3-D), spatially heterogeneous, variably saturated soil, for the case in which the flow is coupled to the 
transport through the dependence of the soil hydraulic properties on solute concentrations, were employed in order to 
analyze flow and transport in salt-affected soil. The case under consideration was a citrus orchard planted on a 
structured clay soil in a region characterized by a distinct rainy period during the winter and a relatively long dry 
season, requiring irrigations. Results of the analyses suggest that enhanced SS-SM interactions, induced by increasing 
soil exchangeable sodium during the irrigation season and dilution of the soil solution during the rain season, may 
considerably reduce soil hydraulic conductivity during the rain season, particularly, close to the soil surface. 
Consequently, enhanced SS-SM interactions, may slow down the solute movement, may substantially increase the 
tailing of the mean solute breakthrough at a given horizontal control plane (CP), and may lead to mean and standard 
deviation solute profiles which exhibit bimodal distributions, characterized by a substantial, secondary peaks close to the 
soil surface. Practical implications of this study regarding the long-term use of TSW for irrigation are briefly discussed. 
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1. Introduction 
A shortage of rain and water resources exits in semi-arid and arid zones, necessitating the use of 
treated sewage water (TSW) for irrigation, preserving scarce fresh water resources to fulfill the increasing 
demand of the urban sector. TSW may contain relatively large quantities of soluble salts, predominantly, 
Ca and Na ions which interact with the soil matrix and may affect the capability of the soil to convey 
water and solutes. The use of TSW for irrigation may have implications with respect to the contamination 
of both the soil and the aquifers underneath the irrigated regions. This is particularly so in orchards 
irrigated during many years and in the same spatial configuration. Quantitative field-scale descriptions of 
chemical transport in the vadose (unsaturated) zone, therefore, are essential for improving the basic 
understanding of the transport of TSW in near-surface geological environments, and for providing 
predictive tools that, in turn, will be used to predict the future spread of TSW in these environments and 
to asses reliably the threat posed by the use TSW for irrigation to the soil and the underlying water supplies.  
Studies of field-scale vadose zone solute transport, based on numerical analyses (e.g., Russo, 1991 [1]; 
Russo et al., 1994 [2], 1998 [3], 2001 [4]; 2006 [5]; Tseng and Jury, 1994 [6]; Roth and Hammel, 1996 
[7]; Foussereau et al., 2001 [8]) commonly focused on transport of a single, non-interacting tracer solute. 
Very little has been done, however, to develop a suitable framework for the analysis of field-scale 
transport of mixed-ion salts with ions that interact with the soil matrix (e.g., Russo, 1989a,b [9,10]; Russo 
et. al, 2004 [11]).Neglecting ion precipitation and dissolution processes, important soil solution-soil 
matrix (SS-SM) interactions include cation exchange, anion exclusion and swelling. In a confined soil-
water system, intra-
ze distribution (PSD), and, 
concurrently, to salt-dependent, soil hydraulic properties (e.g., Quirk and  Schofield, 1955 [12], McNeal, 
1968 [13], Russo and Bresler, 1977a,b [14,15]).  
In realistic, transient flow systems, the flow-controlled attributes depend on inherent soil properties, 
the initial conditions, and on the time-dependent upper boundary condition imposed on the flow system. 
Consequently, phenomena related to the SS-SM interactions, are time- and space-dependent and the 
resultant salt-affected soil hydraulic properties may exhibit time-dependency. Furthermore, because the 
magnitude of the SS-SM interactions depends on the concentration and composition of the soil solution, 
the flow is coupled to the transport through the dependence of the hydraulic conductivity and water 
retention on solute concentrations; consequently, SS-SM interactions must be considered in the analysis 
of field-scale transport of mixed-ion salts such as TSW. A conceptual framework for modeling water flow 
and solute transport for the case in which the flow is coupled to the transport through the SS-SM 
interactions was developed by Russo (1988) [16] and Russo (1989a,b) [9,10], for one-dimensional 
vertical infiltration in homogeneous, and, simplified, heterogeneous (i.e., viewed as a collection of 
different, non-interacting homogenous vertical soil columns) soils, respectively. The later framework was 
extended by Russo et. al. (2004) [11] to more realistic conditions, considering three-dimensional (3-D), 
spatially heterogeneous, variably saturated soil, water uptake by plant roots, and time-dependent, external 
forcing conditions imposed on the soil surface. 
The general objective of the present study is to analyze consequences of salinity-induced-time-
dependent soil hydraulic properties on water flow and solute transport in a realistic, spatially 
heterogeneous, salt-affected soil. To pursue the aforementioned objective, field-scale water flow and 
transport of mixed-ion salts are simulated by a numerical approach which combines a statistical 
generation method to produce realizations of the relevant spatially heterogeneous formation properties in 
sufficient resolution, with an efficient numerical method to solve the partial differential equations 
governing water flow and solute transport for the case in which the flow is coupled to the transport.  
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Generally, the transport of TSW in the vadose zone should be treated as a multi-component reactive 
transport of solutes and gases. In order to simplify matters, following Russo et al. (2004) [11], the 
investigation is focused on the simple but practical soil water system containing Na, Ca and Cl ions only; 
i.e., ion precipitation or dissolution were not taken into account. To increase relevance to real-world 
scenarios, realistic features (i.e., spatial heterogeneity of the soil hydraulic properties, records of 
meteorological data and irrigation practice, and water uptake by plant roots), are incorporated into the 
simulation model. 
2. Modelling of Transport of Mixed Na/Ca Salts in Spatially Heterogeneous, Variably Saturated 
Soil 
The analysis of the transport of the interacting mixed Na/Ca salts in a realistic, 3-D spatially 
heterogeneous, variably saturated flow system requires quantification of the effect of the soil solution 
concentrations on the spatial variability of soil properties pertinent to flow and transport. These properties 
(to be referred to hereafter as the coupling-interaction parameters, CIPs) include the relative soil hydraulic 
conductivity, Kr, and soil water content, r, the retardation factors for Na and Ca, RfNa and RfCa, 
respectively, and the elution factor for Cl, Ef, all as functions of the pressure head and the concentrations 
of the soil solution. The modelling is based on a theoretical framework (Russo and Bresler, 1977b [15]; 
Bresler, 1978 [17]; Russo, 1988 [16]), originally developed to evaluate the CIPs on the macroscopic 
(Darcy) scale, pertinent to flow and transport on the laboratory scale. The theoretical approach combines 
the planar, mixed-ion DDL theory, the structure and organization of the clay particles (domains of clay 
platelets, called tactoids), and hydrodynamic principles (relevant to the pore scale), with a conceptual 
model of the porous medium and experimental data of , pertinent to the Darcy (laboratory) 
scale. It should be emphasized that as long as a breakdown of the tactoids (Shainberg and Kaiserman, 
1969 [18]) does not occur, the effect of the SS-SM interactions on the changes in the soil's PSD is 
considered as reversible.  
The theory predicts that the magnitude of the SS-SM interactions depends on soil properties (i.e., the 
surface charge density of the colloid constituents of the soil matrix, s), and on flow-controlled attributes 
(i.e., concentration and composition of the soil solution, and 
conditions of relatively low solution concentration, relatively high exchangeable sodium fraction, and 
relatively high pressure head (i.e., high water saturation), changes in the PSD due to the SS-SM 
interactions may considerably reduce the soil hydraulic conductivity, particularly in fine-textured soils 
whose clay fraction is dominated by smectite minerals (e.g., montmorillonite, which is typical of semi-
arid regions); for comprehensive reviews, see e.g., Bresler et al. (1982) [19], Shainberg (1984) [20], and 
Russo (2005) [21]. To evaluate the CIPs on a larger scale, more amenable to flow and transport processes on 
a realistic field-scale, the theoretical approach is coupled with measured spatial distributions of the relevant 
soil properties which include the hydraulic conductivity and the water retention functions at an 'inert' 
reference state, the soil cation exchange capacity, CEC, the soil specific surface area, As, and the soil bulk 
b. The resultant spatial distributions of the CIPs, in turn, can be quantified in terms of their 
probability density functions (PDFs), expressed as functions of the soil solution concentration and 
composition and the pressure head (see Figure 1b below). 
Following Russo et al. (2004) [11], it is assumed here that water flow is described locally by the Richards 
equation, the physical parameters of which are visualized as realizations of stationary random space functions 
(RSFs). It is further assumed that the transport of each of the ions of the mixed Na/Ca salt is described locally 
by the classical, one-region, advection-dispersion equation (ADE). When the ions in the soil solution interact 
with the soil matrix, the properties of the spatially heterogeneous soil that affect the water flow and the solute 
transport are expressed as functions of the spatial coordinate vector, x
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molar concentration of the cations, C0 = cNa + cCa -1], and the ratio between the molar concentration of 
mono- and divalent cations, R=cNa/cCa, in the soil solution. The details of the mathematical framework and 
the numerical solution of the flow and the transport equations can be found in Russo et al. (2004) [11] and 
for brevity will not repeated here.  
3. Characterization of the Flow and the Transport Parameters 
To simplify the analysis, ignoring local hysteresis, it is assumed that for the structured clay soil, the local 
inert reference state, is given by a bimodal function, constructed by a 
linear superposition of two sub-curves of the van Genuchten (1980) [22] (VG) parametric expressions 
(Durner, 1994 [23]), i.e.,                                                 
 
 
- ir s(x)- ir s ir are the saturated and the 
irreducible water contents, respectively; wi, i=1,2, are weighting factors for the two sub-curves, subject to 
0<wi<1, i=1,2, and w1+w2 i and mi ,i=1,2, are parameters related to the soil's PSD, and ni=1-1/mi, 
i=1,2. 
By substitution of (1a) in Mualem's (1976) [24] relative permeability model, and integrating the resultant 
with respect to , 
as: 
 
 
where Ai=Bi{-1- i(x)ni(x) i(x)ni(x) i(x)[-ni(x)]][1/ni(x)] i(x)ni(x)], Bi=wi i i i s 
is the saturated hydraulic conductivity. 
Parameters of (1), as well as the soil's CEC, As b, were viewed as realizations of second-order, 3-
D stationary RSFs. Realizations of the relevant soil parameters, in turn, were generated using procedures 
outlined in Russo et al. (1998) [3]. Estimated values of the soil's CEC and As, obtained from Banin and 
Amiel (1969) [25], were superimposed on the generated realizations of CEC and As. Estimated values of 
the VG parameters obtained from a heavy structured clay soil (Rideau clay loam, De Jong et al. (1992) 
[26], analyzed also by Durner (1994) [23]), were superimposed on the generated realizations of the VG 
parameters. ulk density was estimated from the saturated water content, i.e., b(x s[1-
s(x)], s is the soil  particles density. Mean values, and the range mean±standard deviation of the 
resultant hydraulic functions at the reference 'inert' state are depicted in Figure 1a. Cumulative 
distribution plots of one of the input soil CIPs, i.e., the relative conductivity, Kr, are depicted in Figure 1b 
for selected values , the sodium adsorption ratio, SAR=cNa Ca= R[103C0(R+1)-
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)a1(                         
| ]|)x([ + 1
1 w = )x,(  
 i
)x(n
)x(m
i
2
1=i i
i
 
)b1(          
)]x(B)x(B[
)]x,(A)x,(A[
 )]x,()[x(K= )x,K(
21
2
2
212/1
s  
627 David Russo /  Procedia Environmental Sciences  19 ( 2013 )  623 – 632 
Figure 1: Mean values (solid lines) and the range mean±standard deviation of the hydraulic functions at the reference 'inert' state (a), 
and cumulative distribution function of the relative conductivity, Kr, for different chloride concentrations (denoted by the numbers 
labelling the curves, in meq -1). 
4. The Physical Domain and the Simulated Scenario 
The case under consideration is a citrus orchard in a region with typical Mediterranean climate 
characterized by a distinct rainy period during the winter and a long dry season in the rest of the year, 
necessities irrigations. The orchard is irrigated with TSW using micro-sprinkler irrigation system, similar 
to the case considered by Russo et al. (2006) [5]. Realistic features of the flow domain, taken into account 
in the investigation, include the irrigation water quantity and quality, the spatial pattern of the irrigation 
system at the soil surface, the spatial variability in the relevant soil properties, the spatial pattern of the 
plant's roots, and the atmospheric forcing conditions imposed on the soil surface. Inasmuch as the water 
table in the region under consideration is quite deep (>25m), the simulations in the present study were 
restricted to the upper part of the vadose zone, yet, much deeper than the depth of the main root zone. 
During the irrigation season, water and mixed Na/Ca salt were applied spatially non-uniformly to the 
soil by a set of micro-sprinklers, which, in turn, cover only a portion of the soil surface of the subplot. 
During the subsequent rain season, water and mixed Na/Ca salt were added to the flow system by a series 
of rain events imposed on the entire soil surface of the subplot.  Annual amounts of irrigation, rainfall, and 
potential evapotranspiration were 620, 510 and 780mm/yr, respectively. The flow scenario started at the 
beginning of the irrigation season (April 1st) and proceeded for one year. For Cl, Na, and Ca, initial 
concentrations were ci=5, 3.5 and 0.75mol -1, respectively; the respective inlet concentrations during the 
irrigation and the rain seasons were c0=10, 7 and 1.5mo -1, and c0=1.5, 0.4 and 0.55mol -1, respectively. A 
pulse (t0=0.05d) of the tracer solute (with initial concentration, ci=0, and inlet concentration, c0=10mgm-3), 
was applied during the first irrigation event.  
5. Results and Discussion 
5.1. Response of the Concentration-Dependent Flow System 
Profiles of the horizontally-averaged mean and standard deviation (SD) of the soil hydraulic conductivity, 
K, at three elapsed times corresponding to the middle of the irrigation season (t=120d), the transition period 
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between the irrigation season and the rain season (t=215d), and the end of the rain season (t=365d), are 
depicted in Figure 2a; profiles of the mean and the SD of K associated with the concentration-dependent flow 
system (solid lines) are compared with their 'inert', reference counterparts (dashed-dotted lines). Figure 2a 
demonstrates the substantial decrease in the mean K with increasing elapsed time, particularly in the upper 
part of the soil profile. Because the effect of the SS-SM interactions on the soil PSD is enhanced by 
combination of low-concentration and high-SAR soil solution, the decrease in the mean K is particularly 
substantial during the rain season associated with diluted soil solution, and less during the irrigation seasons 
associated with relatively concentrated soil solution. 
The trend shown in Figure 2a is further demonstrated in Figure 2b, in which the horizontally-averaged 
mean value of the relative hydraulic conductivity, Kr 0
as a function of time. Clearly, the mean Kr exhibits time-dependency. The irrigation season is 
characterized by a relatively concentrated soil solution, which, in turn, may compensate in part for the 
adverse effects of the moderate soil exchangeable sodium percentage, ESP, (Figure 3b); consequently, the 
irrigation season is characterized by a relatively high mean Kr, which, in turn, fluctuates with time, 
responding to the high-frequency irrigations. The transition period between the irrigation season and the 
rain season, is characterized by a mean Kr which fluctuates considerably in time. After, the first few 
significant rain storms, however, because of the considerable dilution of the soil solution close to the soil 
surface (Figure 3a), which is not accompanied by a similar decrease in the soil ESP (Figure 3b), the mean 
Kr decreases significantly, approaching relatively low values. 
 
 
 
 
Figure 2: Profiles of the mean values and the standard deviations (SD) of the soil hydraulic conductivity (a), and mean value of the 
relative hydraulic conductivity, at the soil surface, as a function of time. 
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Profiles of the horizontally-averaged mean and standard deviation of the chloride concentration, C, and 
the soil ESP, for the same three elapsed times as in Figure 2a, are depicted in Figure 3a and 3b, 
respectively. Figure 3a suggests that the differences between the sets of both the mean and the SD profiles 
of C are minimal during the transition period between the irrigation season and the rain season. Most 
significant differences between the two sets occur during the rain season. Note that at the end of the rain 
season, in the 'inert' reference case, the mean C profiles exhibit the symmetrical Fickian distribution typical  
Figure 3: Profiles of the mean values and the standard deviations (SD) of the soil solution chloride concentration, C, (a) and the soil 
exchangeable sodium percentage, ESP (b), for different elapsed times, for the interacting (solid lines) and the inert (dash-dotted 
lines) cases. 
of the solution of the classical one-region ADE with constant coefficients, with concentration at the soil 
surface that approaches the chloride concentration in the rain water. 
 To the contrary, in the interacting case, the mean profiles, and, particularly, the SD profiles, exhibit 
shallower concentration peaks, and, significant secondary concentration peaks close to the soil surface, 
which, in turn, are attributed to the substantial reduction in the hydraulic conductivity close to the soil surface 
(Figures 2a,b). Figure 3b demonstrates that the Na/Ca exchange is a very slow process as compared with 
solute movement (Figure 3a). This stems from the nonlinearity of the Na/Ca exchange isotherm, which, in 
turn, increases with increasing SAR and decreasing C. Consequently, the changes in soil ESP are confined to 
profiles are most substantial during the rain season. In the 'inert' case, both the mean and the SD of the soil 
ESP close to the soil surface decrease substantially during the rain season, while their counterparts associated 
with the interacting case only slightly decrease. The ESP profiles depicted in Figure 3b are below the 
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threshold value of ESP=15% (Shainberg and Kaiserman, 1969 [18]) above which t  may 
occur. Consequently, for the one-year scenario simulated here, the effect of the SS-SM interactions on the 
changes in the soil's PSD is still reversible.  
5.2. Movement and Breakthrough of the Tracer Solute     
The movement and spread of a tracer solute in the spatially heterogeneous soil may serve as a measure 
of the capability of the soil to transfer water and solutes. Important characteristics of the tracer transport are 
the time-dependent, spatial moments of the solute concentration field, which, in turn, provide measures of 
the mass, location and spread of the tracer plume. The first normalized spatial moment about the origin, 
defines the coordinate location of the centroid of the tracer solute, Ri(t), (i=1,2,3), and, in turn, is used to 
define the effective solute velocity  vector, V, as the time rate of change of the displacement of the centroid 
of the tracer solute, i.e., V(t)=[dR1/dt, dR2/dt, dR3/dt]T. The longitudinal component of V, V1, is depicted as a 
function of time in Figure 4a. The decrease in V1(t) associated with the interacting case as compared with the 
inert case, is attributed to the reduction in the hydraulic conductivity caused by the rearrangement of the soil's 
PSD; clearly the effective solute velocity substantially decreases after the first few rain storms during the rain 
season. Note, however, that V1(t) is less affected by the SS-SM interactions than the hydraulic conductivity, K 
(Figure 2b). This stems from the three-dimensionality of the spatially heterogeneous flow domain that allows 
development of substantial lateral head-gradients (Russo et al., 2004 [11]), and, concurrently, allows fluid 
particles to bypass zones of low conductivity laterally. Consequently, the substantial decrease in K during the 
rainy season is partially compensated for, by an increase in both the mean and the perturbations of the head-
gradient vector. 
 
Figure 4: Longitudinal component of the tracer solute effective velocity, V1, (a), and mean solute tracer flux concentration, Cf, at a 
horizontal CP located at vertical distance, L=1m, from the injection zone (b), as functions of time, for the interacting (solid lines) 
and the inert (dash-dotted lines) cases. 
Another characteristic of the tracer transport is the solute mean breakthrough curve (BTC). In the case 
of an instantaneous pulse of unit mass uniformly injected at the soil surface, the solute tracer mean BTC 
at a given control plane (CP) located at distance, L, from the soil surface, represents the travel time, 
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to a contamination and/or salinization event. Mean solute tracer BTC expressed in terms of the mean 
concentration flux, Cf, as a function of time, is depicted in Figure 4b. It is clearly shown in this figure that 
changes in the transport properties of the soil related to soil sodification coupled with diluted soil 
solution, lead to a highly skewed mean solute tracer BTC, which exhibits an exceedingly large tail. In 
other words, even for a relatively shallow horizontal CP (located at L=1m), execeedingly large time is 
required for the solute tracer to complete its breakthrough. 
6. Summary and Concluding Remarks 
The main objective of this study was to assess consequences of salinity-induced-time-dependent soil 
hydraulic properties on water flow and solute transport in a realistic, 3-D spatially heterogeneous, salt-
affected soil. Numerical simulations of flow and transport in a 3-D spatially heterogeneous, variably 
saturated soil, for the case in which the flow is coupled to the transport through the dependence of the soil 
hydraulic properties on solute concentrations, were employed in order to analyze flow and transport in the 
salt-affected soil. The case under consideration was a citrus orchard planted on a structured clay soil in a 
region characterized by a distinct rainy period during the winter and a relatively long dry season, in which 
the orchard is irrigated with TSW. 
The main results of this study, relevant to fine-textured soils whose clay fraction is dominated by 
montmorillonite, can be summarized as follows: 
 
 Enhanced SS-SM interactions, induced by increasing soil exchangeable sodium during the irrigation 
season and dilution of the soil solution during the rain season, may considerably reduce soil hydraulic 
conductivity during the rain season, particularly, close to the soil surface, and, concurrently, may 
reduce water and velocity. 
 These SS-SM interactions, may considerably slow down the solute movement, may substantially 
increase the tailing of the mean solute breakthrough at a given horizontal CP, and may lead to mean 
and standard deviation solute profiles, which, in turn, exhibit bimodal distributions characterized by 
substantial secondary peaks close to the soil surface. 
 The results of this study suggest that the long-term use of TSW for irrigation accompanying by a gradual 
increase in the soil ESP, may lead to a continuous decrease in the soil hydraulic conductivity, and, 
eventually, to an unrecoverable situation in which most of the soil surface might be sealed. 
 Practical implications of this study suggest that the long-term use of TSW for irrigation should be 
accompanied by a reclamation activity aiming at restriction of the increase in the soil ESP (e.g., 
application of a rich-calcium salt during the rainy season). 
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